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Background. Our interest in immunological effects produced by vitamin D3 (1,25(OH)2D3) and its therapeutic

potential prompted us to examine the role of 1,25(OH)2D3 on cytokine production by Candida albicans.

Methods. Peripheral blood mononuclear cells (PBMC) with stimulated C. albicans and 1,25(OH)2D3, cytokine

concentrations were measured in supernatant. Quantitative polymerase chain reaction (qPCR) was performed for T

cell transcription factors, SOCS1 and 3. TLR2/4, Dectin-1, and mannose receptor expression was studied using flow

cytometry and qPCR. An ex-vivo stimulation study was carried out in healthy volunteers to investigate the

seasonality of immune response to C. albicans.

Results. Upon in vitro C. albicans stimulation, 1,25(OH)2D3 induced a dose-dependent, down-regulation of

IL-6, TNFa, IL-17, and IFNc. It also increased IL-10 production. The shift in cytokine profile was not due to

1,25(OH)2D3 augmenting expression of either Thelper differentiation factors or SOCS1 and SOCS3 mRNA.

1,25(OH)2D3 inhibited TLR2, TLR4, Dectin-1, and MRmRNA and protein expression. In our seasonality study, both

IL-17 and IFNc levels were suppressed in summer when 25(OH)D3 levels were elevated.

Conclusion. Vitamin D3 skews cytokine responses toward an antiinflammatory profile, mediated by

suppression of TLR2, TLR4, Dectin-1, and MR transcription, leading to reduced surface expression. The biological

relevance of these effects has been confirmed by the seasonality of cytokine responses.

Beyond its classical role on bone metabolism, vitamin

D3 has now been widely accepted as a potent modulator

of immune function affecting various cell types. This

view is based on several fundamental observations [1].

First, vitamin D receptors (VDR), through which bi-

ologically active 1,25(OH)2D3 acts, are present in most

immune cells, including T lymphocytes, neutrophils,

macrophages, and dendritic cells [1–4]. Second,

T lymphocytes, macrophages, and dendritic cells are

equipped with enzymes to metabolize 25(OH)D3 into

1,25(OH)2D3 [5–7]. Third, 1,25(OH)2D3 can influence

both innate and acquired immune cell types. Vitamin

D3 has been shown to increase the proliferation and

maturation of monocytes to macrophages in vitro [8, 9].

It also suppresses T cell proliferation and differentiation

[10]. 1,25(OH)2D3 is known to induce a more tolero-

genic phenotype in dendritic cells [11]. In addition, it

can skew T cell response toward a T helper (Th) 2 profile

[7, 12].

The above immunomodulatory properties of vitamin

D3 have fueled much interest on vitamin D3 potential as

a therapeutic agent in infectious diseases. Most notably,

the clinical course of tuberculosis (MTB) [13], as well

as viral influenza and HIV infection, have been associ-

ated with vitamin D3 status [14, 15]. However, the
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capability of vitamin D3 to modulate the host immune

response to fungal infections is still unknown. Invasive

candidiasis remains a disease with significant mortality

and morbidity in hospitalized patients [16]. Both innate

and acquired immunity are essential to optimal defense

against fungal infections. Despite the current range of

available antifungal therapy, mortality rates from invasive

candidiasis remains high. This is partly due to the host’s

inability to mount a successful immune response to the

invading fungi.

We know that vitamin D3 is a powerful immunomodulator.

However we do not know its potential impact on Candida

albicans infection. We hypothesize that 1,25(OH)2D3 can

modulate the innate immune response of human leukocytes

challenged with C. albicans. We therefore surmise that the

knowledge gained in this study will increase our un-

derstanding of the potential of vitamin D3 as an adjunct im-

munotherapeutic agent against invasive fungal infections. In

addition, due to the seasonal human variability of vitamin D3

stores, we hoped to further validate our in vitro findings in

a non-interventional, ex vivo setting by measuring cytokine

response to C. albicans stimulation in a small cohort of

healthy volunteers over a 1-year period.

MATERIALS AND METHODS

Micro-organisms. Heat-killed C. albicans blastoconidia, a

strain of American Type Culture Collection MYA-3573

(UC820), were used at a concentration of 105 micro-organisms/

mL as previously described [17, 18].

Reagents. Toll-like receptor (TLR)2 ligand lipopeptide (S)-

(2,3-bis(palmitoyloxy)-(2RS)-propyl)-N-palmitoyl-(R)-Cys-(S)-

Ser(S)-Lys4-OH, trihydrochloride (Pam3Cys), was purchased

from EMCMicrocollections (Tübingen, Germany). TLR4 ligand

lipopolysaccharide (LPS; E. coli serotype 055:B5) was purchased

from Sigma Chemical Co (St Louis, MO, USA). An extra puri-

fication step of LPS was performed as previously described [19].

Particulate b-glucan was a kind gift from Dr. David Williams

(University of Tennessee) [20]. 1,25(OH)2D3 was purchased

from Fluka Biochemika, Sigma-Aldrich (Missouri, USA) and

dissolved in absolute ethanol.

Stimulation Assays. Venous blood was drawn into

EDTA tubes from healthy volunteers after informed consent.

The study protocol was approved by institutional ethics

committee. PBMC were isolated by density centrifugation on

Ficoll-Hypaque (Pharmacia Biotech, Uppsala, Sweden).

Cells were washed twice in saline and counted. The cell

counts were adjusted to 5x106 cells/mL. A 100 lL volume of

PBMC, suspended in culture medium (RPMI 1640 DM;

ICN Biomedicals, Costa Mesa, CA) and supplemented with

10 lg/mL gentamicin, 10 mM L-glutamine, 10 mM pyruvate,

and 10% human pooled serum was added to flat-bottomed,

96-well plates (Greiner, The Netherlands).

PBMC were preincubated with 1,25(OH)2D3 (at the re-

spective doses indicated) for 30 minutes, followed by addition

of C. albicans at 105 micro-organisms/mL or RPMI (as un-

primed control). This concentration of C. albicans has been

predetermined in pilot experiments to yield optimal cytokine

response. In the stimulation experiments using specific ligands,

PBMC were incubated with the various stimuli individually

(or in combination): TLR2 ligand (Pam3Cys 10 lg/mL), TLR4

ligand (LPS 1 ng/mL), Dectin-1 ligand (b-glucan 20 lg/mL),

or combinations of b-glucan/Pam3Cys and b-glucan/LPS.
Cell cultures were incubated in a 37�C, 95% humidity, 5% CO2

incubator. The culture supernatants were collected after 24 or

48 hours or 7 days of incubation, as appropriate, and stored

at -20oC until cytokine assay.

Flow Cytometry. Cells were phenotypically analyzed by 5-color

flow cytometry (Coulter Cytomics FC 500, Beckman Coulter,

Fullerton, USA) using Coulter Epics Expo 32 software. Cells

were washed with PBS with 0.2% bovine serum albumin (BSA)

before being labeled with fluorochrome-conjugated antibodies

(mAb). After incubation for 20 minutes in the dark at room

temperature, cells were washed twice to remove unbound

antibodies and analyzed. For cell-surface staining, the fol-

lowing mAb were used: Dectin-1 receptor-PE (259931, R&D

Systems, Minneapolis, MN), along with TLR2-FITC (TL2.1)

and TLR4-PE (HTA125)—both from eBioscience, San Diego,

CA—and mannose receptor (MR)-FITC (19.2, BD Bioscience,

New York, NY).

Cytokine Measurements. Interleukins (IL)-6, IL-1b, IL-10 and
interferon (IFN)-c concentrations were measured by commer-

cial sandwich ELISA kits (Pelikine Compact, CLB, Amsterdam,

The Netherlands) according to manufacturer instructions. Hu-

man tumor necrosis factor alpha (TNF-a) and IL-17 were

measured by the appropriate commercial ELISA kits (R&D

Systems, Minneapolis, MN). Detection limits were 8 pg/mL (IL-

6 and IL-10), 20 pg/mL (IL-1b and IFN-c), and 40 pg/mL (TNF-a
and IL-17).

Quantitative PCR. To determine mRNA expression, we

extracted RNA from PBMC stimulated with C. albicans in

both the presence and absence of 1,25(OH)2D3 for 24 hours.

We extracted that RNA from 107 PBMC by using 1 mL

TRIzol reagent (Sigma, St. Louis, MO). Subsequently, 200 lL
chloroform and 500 lL 2-propanol (Merck, Darmstadt,

Germany) were used to separate the RNA from DNA and pro-

teins. Finally, after washing with 75% ethanol, we dissolved the

dry RNA in 50 lL of diethylpyrocarbonate (DEPC) water.

The amount and quality of mRNA were determined using a

NanoDrop� ND-1000 UV-Vis Spectrophotometer (Thermo

Fisher Scientific, Wilmington, DE). Complementary DNA

was synthesized with a Superscript Reverse Transcriptase

(Invitrogen).
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Quantitative, real-time PCR was performed using the Bio-

Rad iCycler and SYBR Green. The following primers were used

(5’-3’):

1. AACCTCAGACAAAGCGTCAAATC (forward) and ACC

AAGATCCAGAAGAGCCAA A (reverse) for TLR2, TTCCT

TCAACCAAGAACATAGATC (forward) and TTGTTTCA

ATTTCACACCTGGATAA (reverse)

2. for TLR4, ACAATGCTGGCAACTGGGCT (forward) and

GCCGAGAAAGGCCTATCCAAAA (reverse) for Dectin-1

receptor, TCAAGACAATCCACCAGTTACT (forward) and

TTCTCTTTGCTGAAATAATACTGGTAGTC (reverse)

3. for MR, GCAGCCGACAATGCAGTCT (forward) and

GAACGGAATGTGCGGAAGTG (reverse) for SOCS1, TGCG

CCTCAAGACCTTCAG (forward) and GAGCTGTCGCG

GATCAGAAA (reverse) for SOCS3 and

4. ATGAGTATGCCTGCCGTGTG (forward) and CCAAA

TGCGGCATCTTCAAAC (reverse) for b2 microglobulin

(B2M) (Biolegio, The Netherlands) as housekeeping gene.

In another system, we quantified transcripts by real-time quan-

titative PCR on an ABIPRISM 7700 Sequence Detector using

predesigned TaqMan GeneExpression Assays and reagents ac-

cording to manufacturer instructions (Applied Biosystems,

Foster City, CA). Probes with the following Applied Biosystems

assay identification numbers were used: TBX21 (Tbet),

Hs00203436_mL; GATA3, Hs00231122_mL; FOXP3,

Hs00203958_mL; RORC1-2, Hs00172858_mL; RORC10-11,

Hs01076112_mL, using human HPRT1 Endogenous Control

(4333768T; Applied Biosystems) acted as housekeeping gene.

We validated all primers according to protocol. Mean relative

mRNA expression was calculated using Pfaffl method. Values

are expressed as ratio of fold increase to mRNA levels of vitamin

D3-untreated cells.

Ex-vivo Study. We recruited 15 healthy male volunteers

from Radboud University Nijmegen Medical Centre, The Neth-

erlands. Venous blood was drawn from all subjects on 4

occasions—in winter, spring, summer, and autumn of 2009.

PBMCwere isolated and stimulation assaywas performedwithC.

albicans as discussed. This study has been approved by the local

ethics committee. Informed consent was obtained from all

volunteers.

Vitamin D3 Measurement. Serum 25(OH)D3 levels were de-

termined using high-performance liquid chromatography

(HPLC) with UV detection, after prior extraction on small

SepPak columns. Tritiated 25(OH)D3, collected from the

HPLCsystem during passage of the UV peak, corrected for

procedural losses.

Statistical Analysis. Results from at least 5 experiments were

pooled and analyzed using SPSS 16.0 statistical software. Data

given as means 1 SEM and the Wilcoxon signed rank test

compared differences between groups. Significance level was set

at P , .05.

RESULTS

1,25(OH)2D3 Down-modulate Proinflammatory Cytokine
Response to C. albicans
The influence of 1,25(OH)2D3 on immune response to

C. albicans was assessed by stimulating PBMC in the presence of

1, 10, and 100 nmol/L of 1,25(OH)2D3. 1,25(OH)2D3 down-

regulated TNFa secretion (25% drop) as well as IL-6 and IL-17

production (by more than 70%, in a dose-dependent manner

(P , .05). IFNc secretion was also attenuated by 1,25(OH)2D3.

In contrast, IL-10 production is increased 1.5-fold (although

this was statistically insignificant) (Figure 1). These observa-

tions suggested that 1,25(OH)2D3 has the capacity to modu-

late host inflammatory response to C. albicans toward an

antiinflammatory response.

Modulatory Effects of 1,25(OH)2D3 Not Mediated Through SOCS
or Skewing of T Cell Differentiation
Two possible mechanisms through which 1,25(OH)2D3 could

have attenuated proinflammatory response to C. albicans was

through disruption of the suppressors of cytokine signaling

(SOCS) pathway or a shift in T cell differentiation away from

Th1 and Th17 toward Th2 or Treg profile. To assess the gene

expression profiles of the various T cell transcription factors in

response to 1,25(OH)2D3, we performed quantitative RT-PCR

after stimulating PBMC with C. albicans. There were no sig-

nificant changes in Tbet, GATA3, Foxp3, or ROR-ct mRNA

expression (Figure 2A) 24 hours after cells were stimulated with

C. albicans in the presence of 1,25(OH)2D3. We examined the

effect of 1,25(OH)2D3 on SOCS1 and SOCS3 mRNA expression

under the same conditions and found a moderate drop in

SOCS1 at 4 hours (Figure 2B), but this cannot explain a decrease

in the induction of proinflammatory cytokines.

Reduced TLR2 and TLR4 mRNA and Protein Expression by
1,25(OH)2D3

TLR2, TLR4, Dectin-1 and mannose receptors (MR) are well-

established pattern recognition receptors (PRR) for detection of

C. albicans. Therefore, we investigated whether 1,25(OH)2D3

could also modulate the expression of PRRs. In PBMC incubated

with C. albicans, the expressions of both TLR2 and TLR4 were

reduced by 1,25(OH)2D3 at 24 hours, 48 hours (Figure 3A-3D),

and day 4 (not shown). In addition, TLR2 mRNA was decreased

by 1,25(OH)2D3 after 24 hours incubation, while a less remark-

able effect was apparent on the TLR4 expression (Figure 3G).

1,25(OH)2D3 Diminished Dectin-1 and Mannose Receptors
Expression at the Level of Transcription
The surface expression of Dectin-1 was inhibited by

1,25(OH)2D3 upon stimulation with C. albicans, and this was

most evident at 48 hours (Figure 3E); data at 24 hours and day 4

is not shown. Down-regulation of mannose receptors (MR)

surface expression by 1,25(OH)2D3 is clearly seen by day 4

(Figure 3F) even though MR protein expression on PBMC is
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usually only apparent after 72 hours of incubation. Likewise, the

mRNA levels of both receptors were also reduced in the vitamin

D3-treated cells (Figure 3G).

Functional Consequence of 1,25(OH)2D3-Induced Suppression of
TLRs and C-Type Lectin Receptor Expression
To validate our findings and to assess the functional con-

sequences of vitamin D3 on TLRs and C-type lectin receptor

(CLR) expression, we carried out stimulation using purified

TLR2, TLR4, and Dectin-1 ligands in PBMC in the presence of

1,25(OH)2D3. A significant drop in IL-6 and TNFa secretion was

observed in cells treated with 1,25(OH)2D3. In addition, we used

b-glucan combined with Pam3Cys or LPS to test the effect of

1,25(OH)2D3 on synergy between TLR2 or TLR4 and Dectin-1.

Notably, we found reduced synergistic effects mediated by

Dectin-1 when 1,25(OH)2D3 was added to the culture (Figure 4).

Increased In vivo 1,25(OH)2D3 Led to Attenuated Inflammatory
Response to C. albicans Ex-vivo in Human Volunteers
To validate our in vitro findings, we performed an ex vivo study

on 15 healthy male volunteers (median age 36, range 28–60 years

old). We examined how physiological seasonal variation in sun

exposure (through winter, spring, summer, and autumn) could

influence host innate immunity against C. albicans infections.

PBMC from subjects isolated during each season of the year

were stimulated with C. albicans. It was of great interest to us

that we observed a significant drop in IFNc and IL-17 secretion

in spring and summer months, while the IL-10 levels were

higher in summer as compared to winter (Figure 5B-5D). These

observations correlated with the serum 25(OH)D3 concentra-

tions, which doubled in summer compared to winter (Figure 5A).

Trends in IL-6 and TNFa production, however, displayed

wider variation and were not statistically significant (data not

shown).

DISCUSSION

Despite its well-known immunomodulatory effects, nothing

to date has been discovered about the effects of vitamin D on

the innate immune response to Candida. We demonstrate in

this study that 1,25(OH)2D3 can significantly modulate host

Figure 1. 1,25(OH)2D3 attenuates the cytokine response to Candida albicans. PBMC were incubated in the absence or presence of various 1,25(OH)2D3
concentrations ranging from 1 to 100 nmol/L and stimulated with 105 HK C. albicans. Supernatants were collected and analyzed for A) TNFa, B ) IL-6,
C ) IFNc, D) IL-10 and E ) IL-1b at 24 h, and F ) IL-17 at day 7. Data show results from 6 independent experiments performed with cells obtained from
different donors. *P , .05 as compared to respective cell culture without the addition of 1,25(OH)2D3.
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proinflammatory and Th17 response to C. albicans, both in vitro

and ex vivo. This biologically active component of vitamin D3

exerted its effect through modulation of the expression of

PRR, recognizing fungi—both TLR2 and TLR4—and C-type

lectin receptors, Dectin-1 and MR. Until now, the effect of

1,25(OH)2D3 on CLR has not been recognized.

The constitutive expression of the VDR on human immune

cells, including monocytes, macrophages, and lymphocytes, has

been well-established [2–4]. This is a prerequisite for vitamin D3

to exert any immunomodulatory effect. We have shown that

1,25(OH)2D3 has a distinct propensity to skew host response to

C. albicans away from a ’’proinflammatory’’ profile through

attenuation of TNF-a, IL-6, IFN-c as well as production of

IL-17. Other researchers have reported inhibition of Th1

cytokine production with 1,25(OH)2D3, although not in the

setting of Candida infection and polarization toward a Th2-type

response [21–23]. In our system using human PBMC stimulated

by C. albicans, we also observed an increase in IL-10 production

in vitamin D presence. We initially hypothesized that this IL-10

might originate from skewing toward Th2 differentiation as seen

elsewhere [24, 25] or from the potentiation of regulatory T cell

function [26, 27]. However , we were unable to demon-

strate any significant shift in the Thelper or Treg transcription

factors—(Tbet, GATA3, Foxp3 or ROR-ct) mRNA expres-

sion —in our Candida-stimulation model under the influence

of 1,25(OH)2D3. Our observation that 1,25(OH)2D3 had the

characteristic capability to suppress IL-6 production, and to

some extent, IFN-c also led us to investigate whether the un-

derlying mechanism was due to novel 1,25(OH)2D3 activity on

the respective SOCS3 and SOCS1 regulatory pathways [28].

However, we found no evidence of direct or indirect

Figure 3. 1,25(OH)2D3 inhibits expression of TLR2, TLR4, Dectin-1 receptor and MR. Representative histogram overlay plots show reduced A and B )
TLR2 (at 24 h and 48 h), C and D ) TLR4 (at 24 h and 48 h), E ) Dectin-1 (at 48 h) and F ) MR (day 4) with and without 1,25(OH)2D3 treatment as assessed by
flow cytometry. G ) 1,25(OH)2D3 down-modulates TLR2, TLR4, Dectin-1 and MR mRNA expression. PBMC were incubated in the absence or presence of
100 nmol/L 1,25(OH)2D3 and stimulated with 10

5 HK Candida albicans. Flow cytometry data shown was performed at 24 h and 48 h for TLR2, TLR4; 48 h
for Dectin-1; and day 4 for MR. Quantitative PCR for human TLR2, TLR4, Dectin-1, and MR (normalized to b2M gene expression) was performed at 24 h.
Data represent 5 independent experiments performed with cells obtained from different donors.
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Figure 2. 1,25(OH)2D3 does not act through modulation of Thelper
differentiation or SOCS pathway. A ) 1,25(OH)2D3 does not modulate of
T-cell transcription factors. B ) Modulation of SOCS1 and SOCS3 mRNA
expression by 1,25(OH)2D3. Quantitative PCR for human Tbet, GATA3,
Foxp3, ROR-ct, SOCS, and SOCS3 was conducted with PBMC and
normalized to HPRT1 or b2M (for SOCS1 and 3) gene expression. Cells
were incubated with 10 nmol/L 1,25(OH)2D3 or solvent for 24 h or 4 h
(SOCS1 and 3). Data show results from 5 independent experiments and
are expressed as fold change relative to solvent control.
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1,25(OH)2D3-related interference on SOCS regulatory function.

Stimulation of SOCS1 and SOCS3 mRNA would have been an

anticipated response following the suppression of proin-

flammatory cytokine production by 1,25(OH)2D3. Slight drops

in SOCS1 mRNA expression is a consequence of decreased TLR

2/4 and Dectin-1 signaling rather than the direct effect of

1,25(OH)2D3.

Another mechanism that could account for our observation is

vitamin D3-mediated suppression of PRR expression, followed

by modulation of response by host immune cells to Candida.

1,25(OH)2D3 indeed diminished surface expression of TLR2

and TLR4, which on follow-up investigation was attributable to

its effect on inhibition of upstream TLR2 and TLR4 mRNA

transcription. A similar observation had also been reported by

Sadeghi et al [29] in the setting of bacterial cell-wall components.

In addition, 1,25(OH)2D3 had further influence on func-

tioning of other PRRs not previously recognized. Besides TLR2

and TLR4, the C-type lectin receptors Dectin-1 and MR are

known to play pivotal roles in triggering the immune signaling

cascade upon activation by C. albicans [30].We found that

1,25(OH)2D3 activity also exerted inhibition of upstream

Dectin-1 and MR protein synthesis. This latter finding was es-

pecially significant relative to that of the TLRs, because the extent

of 1,25(OH)2D3-induced inhibition of Dectin-1 and MR func-

tioning was suggestively more pronounced than on TLR2 and

TLR4. We have also recently reported that Candida recognition

by CLRs such as Dectin-1 and MR is a more constant feature of

antifungal innate immunity than recognition by TLRs [31].

Furthermore, we ascertained the functional consequences

of synergistic effects resulted from 1,25(OH)2D3-related

Figure 4. 1,25(OH)2D3 inhibited proinflammatory cytokines induced by purified TLR/Dectin-1 ligands. PBMC were incubated in the presence or absence
of 100 nmol/L 1,25(OH)2D3 and stimulated with 10 lg/mL Pam3Cys, 2 ng/mL LPS, 20 lg/mL b-glucan, and b-glucan in combination with Pam3Cys or LPS.
Supernatants were collected and analyzed for A ) IL-6 and B ) TNFa at 24h. Data show results from five independent experiments performed with cells
obtained from different donors. *P , .05 as compared to respective cell culture without the addition of 1,25(OH)2D3.
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suppression of TLR2, TLR4, and Dectin-1 in the setting of

C. albicans infection. This is important because it has been well-

described that ’’cross-talk’’ between the TLR2/4 and Dectin-1 is

responsible for the synergy of proinflammatory response

mounted by the host [32–34]. Our use of pure TLR2, TLR4, and

Dectin-1 ligands, as well as TLR2/Dectin-1 and TLR4/Dectin-1

ligand combination, illustrated the profound influence that

1,25(OH)2D3 exerted beyond its effect on the individual PRR.

The results demonstrated how use of 1,25(OH)2D3 has also led

to ablation of the TLR-Dectin-1 synergy, which in the setting of

C. albicans infection especially, would be very significant. Re-

sultant suppression of MR function most likely further con-

tributes to attenuation of host IL-17 response to Candida [35].

Hence, the net effect of 1,25(OH)2D3 is a critical shift away from

the proinflammatory response, which would have been antici-

pated upon C. albicans challenge.

We know that production of the vitamin D3 precursor in the

skin depends on UV radiation exposure. A seasonal variation in

vitamin D3 status in temperate climates is widely accepted [36].

To validate our in vitro findings, we carried out an ex vivo study

in 15 healthy subjects to investigate the variation in cytokine

response to C. albicans through the year’s 4 seasons. Compared

to winter, during spring and summer months IFN-c and IL-17

response to Candida is significantly reduced. This correlates

inversely with serum 25(OH)D3 levels. Conversely, IL-10 pro-

duction is higher in summer. Interleukin-6 and TNFa trends

were found to be less consistent. This might be attributed to

other factors inducing wider biological variation in the ex vivo

study. Such factors might be UV radiation exposure and the

levels of vitamin D3 necessary to effect a modulation in these

cytokine responses. It has been suggested that a higher vitamin D

level (.100 nmol/L) may be required to sustain immune

function [37]. Therefore, we ought to be mindful that while

certain cytokine trends in the seasonality study correlate with

our in vitro work, the physiological levels of vitamin D3 required

to comprehensively attenuate the immune responses to Candida

infection remain to be determined. Nevertheless, our study is the

first clear demonstration of seasonal variation in innate immune

responses to an important human pathogen.

Research has been ongoing to study the potential role of

vitamin D as a therapeutic agent [38]. It has been proposed that

in invasive fungal infections such as candidiasis and aspergillo-

sis, disease pathology may be attributable to an exaggerated or

dysregulated host inflammatory response that results in undue

tissue damage [39, 40]. While a proinflammatory-type immune

response will be desirable at disease onset, an unnecessarily

prolonged hyperinflammatory phenotype may be averse to

outcome. Likewise, Th1, and especially Th17, responses are

known to exacerbate and often cause autoimmune phenomena

[41, 42]. Hence, given the immunomodulatory profile of

1,25(OH)2D3, it is tempting to speculate that in specific clinical

settings, 1,25(OH)2D3 may have a role in modulating and

Figure 5. Seasonal variation of host immune response to ex-vivo
Candida albicans stimulation. A ) Mean serum 25(OH)D3 concentrations of
15 healthy volunteers at different seasons of the year *P , .05 as
compared to winter. PBMC were stimulated with 105 HK C. albicans
and supernatants collected and analyzed for B ) IFNc, C ) IL-10, and
D ) IL-17 at day 7. Data show results from 15 subjects at the different
seasonal time points.
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regulating any unnecessary and prolonged inflammatory re-

sponse generated by the host. Also, the significant effect of

seasonal variation on Thelper responses makes it tempting to

speculate whether vaccination programs during winter months

may be more efficient than those during the summer period.

Although speculative at the moment, research on this subject is

certainly needed. An encouraging answer would have far-

reaching implications for health policy.

In conclusion, we have shown that 1,25(OH)2D3 plays

a novel role for the modulation of innate host response to

C. albicans, by modifying the proinflammatory cytokine re-

sponses both in vitro and ex vivo. By exerting its influence on

almost all the major PRRs involved in Candida recognition

and immune signaling, namely TLR2, TLR4, Dectin-, and MR,

its antiinflammatory effect is profound in Candida infection.

Seasonal variation of cytokine responses seems notably

important. This opens up a new area of clinical research.

We expect that the epidemiological and clinical consequences

of our findings could be significant. Future studies are

warranted.
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